INTRODUCTION 49
The viability of all human cells is dependent upon two separate fundamental processes: the ability of the 50 cardiovascular system to supply nutrients in close proximity to the cell via the microcirculation and the ability 51 of the cell to uptake and metabolise these products. Crucial to all tissue health is the ability to couple together 52 these two processes and match local blood flow with changing metabolic demands. The classic model of the 53 metabolic regulation of blood flow is thought to be driven by either the accumulation of vasodilator metabolites 54 such as CO 2 , lactate, H + , K + and adenosine related to the local level of hypoxia, or the existence of oxygen 55 sensors such as the release of ATP from RBCs (10, 11, 18 ) that respond to local changes in tissue pO 2 . The 56 metabolites may act alone as vascular smooth muscle relaxants or stimulate NO or prostacyclin release from the 57 3 collected light is spectrally analysed in steps of 1 nm (500 -620 nm) to derive relative concentrations of oxy 101 and deoxyhaemoglobin. tissue sample volume to a depth of ~2cm. This spectrometer has the capacity to determine scaled absolute 111 values of the concentrations of oxy and deoxyhaemoglobin in tissue by spatially resolved spectroscopy (SRS) 112 (28) . SRS calculates a normalized tissue haemoglobin index (nTHI) and tissue oxygen index (TOI) without the 113 necessity for absolute reflectance measurements. The parameter nTHI is set to a value of 1 at the start of the 114 study such that a subsequent nTHI of 1.1 defines a blood volume increase of 10% since measurement 115 commenced. The parameter TOI has the same dimensions as S mb O 2 being the percentage of total haemoglobin 16 bound to oxygen in the microcirculation of the volume of tissue being studied. In this paper the terms nTHI, 17 TOI and [Hb] will be used to denote generic parameters that include both haemoglobin and myoglobin. The 18 absorption spectrum for myoglobin is almost indistinguishable from haemoglobin however the oxygen-19 myoglobin dissociation curve is a rectangular hyperbola where myoglobin only releases O 2 at low pO 2 < 120 20mmHg or around 25% oxygen saturation. In this study oxygen extraction in muscle is derived during the 121 linear part of the oxygen dissociation curve from approximately 70 to 35% where there should be no change in 122 the oxygenation status of myoglobin. 123 124
Laser Doppler fluximetry Incorporated within the O2C probe is an optical fibre that guides the output from 830 4 blood cells in the microcirculation of the skin Doppler shift the laser light which returns to a detector 2 mm 127 from the laser source. This probe separation is the same as for optical reflectance spectroscopy and therefore the 128 area of tissue sampled by LDF overlaps that studied by ORS. The only role of LDF in this study is to ensure 129 blood flux remains constant for the derivation of oxygen extraction in perfused, unperturbed conditions. 130 131
Experimental protocols. The investigation was carried out with the approval of the Devon and Torbay Research
32
Ethics Committee (09/Q2102/99) and in accordance with the Declaration of Helsinki. Twenty four healthy, non-33 diabetic, normotensive, male volunteers took part in the study; their clinical characteristics are in Table 1 . 34
Twelve obese subjects (BMI > 30 kgm -2 ) were age-matched with twelve lean subjects (BMI < 26 kgm -2 ). All 35 volunteers gave written informed consent and were studied in the morning having fasted and refrained from 36 caffeine, alcohol and smoking from 22.00 hours the previous evening. Participants were not taking any 37 vasoactive medication. Subjects lay supine and were acclimatized for 30 minutes in a thermostatically-38 controlled room at a temperature of 22.0 ± 0.5 0 C. Skin temperature was continuously monitored in the lateral 139 calf and forearm to ensure it remained constant for the duration of the study. A below knee cuff was placed 140 around the right leg to provide a 4 minute arterial occlusion at 200mmHg. The O2C probe was placed on the 141 lower lateral right calf, distal from the cuff and the NIRS probe was placed over the lateral aspect of the plantar 142 flexor muscles of right calf. Upon acclimatisation and stabilisation of skin temperature baseline data was 143 collected for 30 minutes in unperturbed skin for the derivation of OE with flow. subjects (41). The repeatability of this novel technique had an intra-subject coefficient of variation of 12% (7-193 16%) for all lean and obese subjects, 14% (8-18%) for lean subjects and 10% (7-15%) for obese subjects in the 194 forearm. There was no significant difference in repeatability between the lean and obese groups (Mann 195 Whitney, p = 0.55). We have previously demonstrated that in unperturbed forearm skin, oxygen extraction is significantly greater in 204 lean compared to obese subjects (41). In this study we confirm this finding on a different site by demonstrating 205 that oxygen extraction in perfused calf skin is significantly greater in 11 lean subjects compared to 10 obese 206 subjects (0.077 vs 0.050 seconds Higher skin oxygen extraction in lean subjects may reasonably arise from either a higher resting tissue blood 211 flow or a higher skin temperature (and thus metabolic demand). There was no statistical difference between the 212 average resting blood flux in the lean and obese subjects in the forearm or calf skin (Mann Whitney, p=0.79 and 213 p=0.27 respectively) to account for the difference in oxygen extraction observed. There was also no significant 214 difference between the lean and obese groups in skin temperature in either the forearm or calf skin (Table 1) . 15
16
Perfused skin oxygen extraction increased with skin temperature in the lean subjects in the calf (Pearson's 217 correlation coefficient r = 0.86, p<0.015) and forearm (r = 0.81, p<0.020) but not in obese subjects (p=0.27 and 218 p=0.67 respectively, Figure 7) . No correlation was demonstrated across the 24 subjects between their individual 19 skin temperature and their mean blood flux in the calf skin (p=0.98 and p=0.54 respectively) or in the forearm 20 (p=0.43 and p=0.19 respectively, data not shown). 21
22
Oxygen extraction in resting skeletal muscle during an arterial occlusion, and thus no blood flow, was 23 significantly lower in lean subjects compared to obese subjects (0.062 vs 0.083 %.s -1 , p<0.012, Figure 8) . 24
Across our whole study group of lean and obese subjects oxygen extraction in perfused skin is associated with 25 unperfused skeletal muscle oxygen extraction (r=0.70, p<0.005, Figure 9 ). Within the lean subjects alone this 26 correlation is evident (r=0.59, p<0.05) though for the obese subjects their constrained oxygen extraction in both8 229
A schematic diagram summarising our data is shown in Figure 10 . In both lean and obese subjects the mean 230 blood saturation of the calf skeletal muscle was 10% higher than in the skin. In lean subjects the forearm and 231 calf S mb O 2 were 47.1 ± 9.5% and 45.5 ± 11.1% compared to a muscle TOI of 57.2 ± 10.6% whilst in the obese 232 subjects the forearm and calf S mb O 2 were 46.6 ± 12.7% and 47.1 ± 12.0% compared to a muscle TOI of 57.2 ± 33 10.6%. Oxygen extraction with no flow is derived during the first minute of an arterial occlusion in skin and 34 muscle from the gradient of the fall in mean tissue oxygen saturation S mb O 2 . The oxygen extraction is a measure 235 of the rate of oxygen uptake as a proportion of the concentration of available blood in the tissue and therefore 36 there is no direct comparison between different tissue types. As an approximation, the capillary density of 37 postural skeletal muscle is ~8 fold higher than skin (313 and 317 vs 38 no.mm (23, 45) ). Oxygen extraction with flow is derived from the 242 spontaneous fluctuations in calf skin S mb O 2 induced by vasomotion falling by 7.6 ± 3.5% in lean subjects and 243 7.5 ± 3.9% in obese subjects before triggering a hypoxic vasodilation. Similar oscillations of amplitude 8.9 ± 244 3.7% and 9.2 ± 4.6% were observed in lean and obese forearm skin respectively. 245
246

DISCUSSION 247
Our novel non-invasive optical technique measures oxygen extraction in unperturbed skin and has demonstrated 48 that lean subjects exhibit a wide range of oxygen extraction which is significantly higher than that of obese 49 subjects. This was demonstrated in both forearm and calf skin. This oxygen extraction was higher in lean 50 subjects with higher skin temperatures but not in the obese. 51
52
Stopping perfusion with an arterial cuff removes the differences between the skin oxygen extraction in lean and 53 obese individuals suggesting that differences between the groups seen in skin may be related to a perfusion by an additional ~10% and with further OE induced through mechanisms with either increased flow Q, ( P inO2 -272 P ISFO2 ) or capillary density S . This OE derived from the decay in S mb O 2 is greater in lean than obese subjects 273 whilst flow Q remains constant. It has been shown that capillary recruitment is four times higher in lean 74 compared to obese subjects and that in obese subjects with metabolic syndrome cutaneous capillaries are 75 maximally recruited at rest (14). Other researchers have shown that BMI is inversely correlated with resting 76 skin capillary density though the subjects were only overweight (BMI 27.9 ± 2.7 kgm -2 ) and had higher 77 capillary recruitment compared to lean subjects (3). Our findings of significantly lower oxygen extraction in the 78 skin of obese compared to lean subjects may therefore be a consequence of impaired functional capillary10 density. When OE in skin is derived in lean and obese subjects during an arterial occlusion and no flow then 280 OE is diffusion-limited and proportional to αDS. As capillary recruitment is hindered in a closed system with no 281 flow, we observe that OE in lean and obese subjects is no longer different. 282 283
In contrast, in skeletal muscle the fact that the differences between oxygen extraction in lean and obese 284 individuals are apparent during arterial occlusion provide evidence that mechanism(s) independent of blood 285 flow may operate to explain the differences. Research has shown that even when oxygen demand is raised in 286 skeletal muscle through maximal voluntary contractions in the forearm, oxygen consumption is independent of 287 blood flow and unaltered by an arterial occlusion (5). Similarly no significant change in muscle perfusion was 288 observed in resting calf muscle in conditions of hypoxia whilst breathing 10% O 2 despite a reduction in oxygen 289 extraction (7). Reduced blood flow heterogeneity under constant perfusion cannot however be discounted (25). 290
With no flow, OE is diffusion-limited and is therefore proportional to αDS( P inO2 -P ISFO2 ) . The higher oxygen 91 extraction we observe in obese skeletal muscle compared to lean may arise from a higher (P inO2 -P ISFO2 ) 292 resulting from mitochondrial dysfunction with obesity. It has been shown that obese women exhibit lower 293 mitochondrial coupling and phosphorylation efficiency in skeletal muscle compared to lean controls and that 294 there is increased oxygen consumption not linked with phosphorylation (27). A deficiency of the electron 95 transport chain in human skeletal muscle mitochondria has also been observed with obesity and type 2 diabetes 96 (34) whilst electron microscopy has visualized impaired bioenergetic capacity of skeletal muscle mitochondria 97 in type 2 diabetes and obesity (26) . The literature suggests that this mitochondrial dysfunction in obesity could 98 possibly induce the higher OE observed in the skeletal muscle of the obese subjects, however further studies are 99 required to validate this hypothesis. Higher oxygen extraction with obesity has been reported in resting 00 gastocnemius muscle of Zucker rats using a microcirculation flow probe and the Fick Principle (15). 01
02
Limitations of this study include the complications of blood flow regulation in the skin for thermoregulation. 03
However there was no significant difference between the lean and obese groups in skin temperature in either the 04 calf or forearm skin and the maximum variation of skin temperature within a study was only 0.7 0 11 confounding effects of skin thermoregulation likely to be small. There was a significant positive correlation 306 between skin temperature and oxygen extraction in lean subjects only, again indicative of functional capillary 307 recruitment in lean but not obese subjects. 308
309
In summary, the development of a novel non-invasive technique that can measure oxygen extraction in resting 310 unperturbed skin has uniquely demonstrated that in skin, the classic model for the metabolic regulation of blood 311 flow is valid. Oxygen extraction is dependent upon unhindered perfusion that can fluctuate as demand exceeds 312 supply. The reduced OE observed in the skin of obese compared to lean subjects and attributed, at least in part, 313 to impaired functional capillary density is no longer observed during an arterial occlusion. In contrast, resting 14 muscle does not appear to exhibit these fluctuations between normoxic and hypoxic states suggesting other non-15 perfusion related regulatory mechanisms. These ensure that resting muscle is sufficiently perfused to match 16 demand. The increased OE observed in unperfused obese muscle may be the result of mitochondrial 17 dysfunction. 18
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